Abstract-Small animal PETICT devices provide anatomical and molecular imaging at the same time, enabling the joint visualization and analysis of both modalities. An accurate PET/CT alignment is required to correctly interpret these studies. A proper calibration procedure is essential for small animal imaging, since resolution is much higher than in human devices. This work presents an alignment phantom and a method that enable a reliable and replicable measurement of the geometrical relationship between PET and CT modules. The phantom can be built with laboratory materials, and is used to estimate the rigid spatial transformation that aligns both modalities. It consists of three glass capillaries located in noncoplanar triangular geometry and filled with FDG, so they are easily identified in both modalities. The method is based on automatic line detection and localization of the corresponding points between the lines on both modalities, which allows calculating the rigid alignment parameters. Different geometric configurations of the phantom (i.e. different angles and distances between capillaries) were tested to assess the repeatability of the calculations. To measure the alignment precision achieved, we attached two additional sodium point sources to the phantom, which were neglected in the registration process. Our results show that the accuracy of the alignment estimation, measured as average misalignment of the Na sources, is below half the PET resolution. The alternative settings for the phantom layout did not affect this result, indicating the low dependency of the alignment calculated with the actual phantom layout. Our approach allows measuring the PETICT transformation parameters using an in-house built phantom and with low computational effort and high accuracy, demonstrating that the proposed phantom is suitable for alignment calibration of dual modality systems on a real environment.
I. INTRODUCTION
PET and CT is a useful combination in molecular imaging.
providing not only anatomical support to functional information in joint visualization but also making possible other applications. such as attenuation correction for improving PET image reconstruction process [1, 2] . Furthermore. several clinical studies have shown that PET and CT, when used together. increase the diagnostic accuracy [3. 4] . In PET/CT devices. instead of using two different A. Udias is with Departamento de Estadistica e Investigaci6n Operativa, Universidad Rey Juan Carlos, 28943 Fuenlabrada, Spain.
instruments, PET and CT systems are axially integrated and aligned in such a way that the sample can be transferred from one system gantry to the other automatically, reducing the risk of misalignments. However, the two axially displaced fields of view (FOYs) can be mechanically aligned only to a certain degree and the residual errors can impair sub-millimeter registrations. Since resolution is much higher than in human devices, molecular imaging of rats and mice requires precise registration of anatomical and functional imaging data [5] .Therefore, PETICT systems for small animal imaging require a calibration procedure to calculate accurately these residual misalignments.
There are several registration techniques to match intermodality images [6] , but in order to automatically align different devices, complex and difficult to manufacture phantoms are sometimes needed. Chow et alt. [7] designed a three dimensional phantom with 1288 lines that is used with an automated registration method to estimate the transformation matrix. In contrast, other authors make the complexity lay on the registration method. Jan et alt [8] used a three line source phantom, where the determined pairs of homologous points between CT and PET images by measuring the distance between the line sources through 13 slices and then establishing correspondences. Methods based on landmarks distributions along the field of view have also been described [9, 10, 11] . Despite being simple and requiring minimal user interaction, the problem of these markers methods is that the user must place the point sources uniformly throughout the FOY. According to [12] , target registration error (TRE), that is, registration error at some point of interest (target), depends both on fiducial configuration and on the target position. So the TRE will be lower as the target is nearer to the fiducial's centroid, the fiducials are more separate and they are distributed along different axis. Consequently, using fiducial markers to estimate the spatial transformation matrix may produce suboptimal results if the user is not concerned with its positioning. One solution to this problem is to provide the user with a rigid structure with which to place the point sources conveniently [9] .
The challenge in alignment of PETICT systems is to design a phantom that allows reliable misalignment calculations, with low computational cost and no user dependence. It should also be suitable for alignment calibration of dual modality systems in an end-user environment, since according to [9] the system needs to be calibrated regularly. 
C. Registration Method
A 3-D rigid transformation (including only translations and rotations) has to be found for each PETICT image pair. This transformation will be obtained by locating pairs of homologous points along the capillaries on both modalities and aligning them. The procedure to uniquely define these landmarks is based on locating the closest point from one line to another within the line set. The procedure can be split into four steps:
1) Background Thresholding and Region Labeling
Once the phantom has been imaged, the first step is to detect the lines that describe the capillaries in the images. Initially, the images are reduced to point sets that correspond with the capillaries by thresholding the background and labeling the resulting regions as:
X n = [points on CT image corresponding to capillary nl Y n = [points on PET image corresponding to capillary nl 0=1, 2, 3 2) Line Detection Principal Component Analysis (PCA) is applied over each distribution of points X n and Yn, to detect the lines that describe the position and orientation of each of the capillaries [15] .
Here, X n = (an, Un) is the line related to capillary n on the CT image, represented by one of its points an and its direction vector un' Similarly, in PET image, Yn = (bn, v n ).
At this point, each data set has been reduced to three line equations.
3) Homologous Points Identification on X n and Y n As mentioned before, this method approximates the best matching of both line sets by matching corresponding points pairs extracted from the line sets in order to calculate the transformation matrix.
•
B. Image Acquisition
A small animal PETICT system (Argus/CT, Suinsa Medical Systems) has been used for the acquisition of CT and PET images [13, 14] . The proposed methods were applied to 5 pairs of images, with different geometric configurations of the capillaries. Fig 2 depicts a render view of the phantom on both modalities, and the fused datasets.
With the purpose of evaluating the alignment precision against the layout of the capillaries, the geometric relations (angles and distances) were modified between acquisitions. To determine registration accuracy, two additional 22Na point sources were acquired simultaneously with each study, but did not have effect on registration process.
A. Phantom description
The phantom was intended to be easy to manufacture in a final user environment, and to provide high accuracy and low dependence with its position within the field of view.
For this purpose, we have devised a phantom consisting on three non-coplanar glass capillaries filled with FDG, so as it results visible in both modalities. These capillaries are placed with a triangular geometry in the plan view, but each one of them located at a different height (Fig. 1) . The capillaries used are micropipettes BLAUBRAND intraMARK Cat. No. 708709 (1 Ofll I 1.24 mm external diameter). A low density foam structure is employed to separate the capillaries, in order to provide large density differences between glass capillaries and background material.
This work presents an alignment phantom and a method that allow a reliable and replicable measurement of the geometrical relationship between PET and CT modules. We have designed a three-dimensional phantom that can be built with standard laboratory materials. The method is based on automatic line detection and localization of corresponding points within the lines from both modalities, allowing the rigid alignment to be calculated. 
4) Transformation Matrix Estimation
These landmarks are used to calculate the transformation that aligns the images by solving the Least Squares problem using the approach proposed in [16] . The final PET/CT alignment parameters (translation and rotation) can be derived from the transformation matrix obtained.
IV. CONCLUSIONS
Results demonstrate that the method and the phantom presented can estimate the PET/CT alignment in a dualmodality system, with an accuracy bellow half the PET resolution. The alternative settings for the phantom layout did not affect the results noticeably, indicating the low dependency of the alignment calculated with the actual phantom layout.
Unlike previous methods that rely on complex phantoms or intensive user intervention, our method automatically calculates the misalignment between FOVs and requires the use of a simple phantom for calibration. In contrast with algorithms based on fiducial landmarks, the accuracy of the method does not depend on the geometric configuration of the phantom. As a result, target registration error is not dependent on the positioning of the phantom. This will allow different users to build their own phantom in order to calibrate the
PET/CT.
Our approach allows measuring the PETICT transformation parameters using a simple phantom, with low computational effort and high accuracy, suggesting that the proposed phantom is suitable for alignment calibration of dual modality systems in an end-user environment. 
III. RESULTS
The alignment accuracy was estimated using the 22Na point sources included on the acquisition of every phantom. The average mean squared error at these references was 0.477 mm (Table I) .
Three different geometric configurations of the capillaries (i.e. different angles and distances between capillaries) were tested to assess the repeatability of the calculations. The alignment accuracy was estimated using the validation described previously. The transformation calculated through both methods was applied to this phantom to measure the error at each 22Na point source (note that the sources were neglected during the registration process). The average mean squared error at these references was 0.477 mm ( Table I) .
The procedure to define these landmark pairs is based on locating the closest point from one line to another within the line set. The common perpendicular between two lines within the same line set defines the closest points between those lines, which are uniquely defined in both modalities (Fig. 4) . The result of this process is six pairs of homologous landmarks. For instance, the closest point to X2 on XI corresponds with the closest point to Y2 on Y I.
